Introduction
============

Atherosclerosis is a complex inflammatory disease characterized by the accumulation of lipid rich plaques in arterial walls. This response is mediated largely by the recruitement of macrophages to the site of injury.^[@b1]^ Macrophages are a major cell type of early atherosclerotic lesions and play important roles during lesion progression stages.^[@b2]^ One of the vital functions of macrophages is the mediation of apoptotic cell clearance and associated cellular debris through phagocytosis. However, as macrophages become lipid laden, they lose their effective functional ability and undergo apoptosis.^[@b3]^

Both antiapoptotic and proapoptotic mechanisms contribute to the development and progression of atherosclerosis, yet the molecular mechanisms leading to the process remain unclear. Because living foam cells play an overall proatherogenic role, the net effect of early lesional macrophage apoptosis is modulation of lesion cellularity and decreased lesion progression.^[@b4]^ Evidence from disease mouse models lacking antiapoptotic genes such as *Bcl‐2* and *AIM* or proapoptotic genes such as *Bax, p19*^*ARF*^*,* and *p53* identified a link between apoptosis and disease progression.^[@b5]--[@b10]^

The inhibitor of apoptosis protein 2 (cIAP2 \[also known as HIAP1 or BIRC3\]) is a member of the IAP gene family involved in programmed cell death regulation.^[@b11]^ IAPs, first identified in baculoviruses, play a key role in the apoptotic signaling pathways.^[@b12]--[@b13]^ IAP proteins share at least 1 cystein‐rich domain known as the baculoviral IAP repeat (BIR).^[@b11]--[@b13]^ Eight mammalian IAPs have been discovered to date: BIRC1/NAIP, BIRC2/IAP1/HIAP2, BIRC3/IAP2/HIAP1, BIRC5/survivin, BIRC4/XIAP/hILP, BIRC6/Apollon, BIRC7/ML‐IAP, and BIRC8/ILP2.^[@b14]^ The structure and mechanism of action of cellular IAP2 (cIAP2) have been extensively studied in cancer biology, however, Conte et al^[@b15]^ showed that macrophages lacking cIAP2 are highly sensitive to apoptosis when stimulated by the inflammatory factor lipopolysaccharide. In addition, it was recently shown that cIAP1 and cIAP2 are critical effectors of the inflamasome.^[@b16]^ Furthermore, excised human plaques revealed an increase in cIAP2 protein expression levels compared with healthy aorta.^[@b17]^ Moran and colleagues showed a higher expression of cIAP2 (and caspase‐3) in arteries and carotid endarterectomy specimens of symptomatic patients with carotid stenosis compared with the normal carotid arteries of asymptomatic patients.^[@b18]^ The exact role of cIAP2 in atherosclerosis has remained, however, unclear.

Here, we investigate the consequence of cIAP2 ablation on atheroma development in the widely used apolipoprotein E--null (*apoE*^−/−^) mouse model of early and late atherosclerosis. We hypothesized that cIAP2 plays a critical role in the early development of atherosclerosis in *apoE*^−/−^ mice.

Methods
=======

Animals
-------

*cIAP2*^−/−^ mice (described previously^[@b11]^) were bred with atherosclerosis‐susceptible *apoE*^−/−^ mice (Jackson Laboratories). The F3 progeny from the *cIAP2*^−/−^×*apoe*^−/−^ cross were genotyped, and *cIAP2*^+/+^×*apoe*^−/−^ and *cIAP2*^−/−^×*apoe*^−/−^ male littermates were used for experiments. Mice were maintained in the Animal Care Facility at the University of Ottawa Heart Institute. The mice showed no overt phenotypes and appeared healthy up to 52 weeks of age. Mice were divided into 4 groups at 8 weeks of age, where all *cIAP2*^+/+^ (*cIAP2*^+/+^×*apoE*^−/−^) and *cIAP2*^−/−^ (*cIAP2*^−/−^×*apoE*^−/−^) mice were fed a high‐fat diet (HFD) for a period of 4 weeks (early atherosclerosis) or 12 weeks (late atherosclerosis). The diet is a commercially prepared mouse food supplemented with 21% (wt/wt) butterfat, 0.15% (wt/wt) cholesterol, and 19.5% (wt/wt) casein (Dytes Inc). At the end of the dietary period, mice were killed with an overdose of Somnotol, and polymerase chain reaction (PCR) was carried out to confirm genotypes. All animal studies were performed in accordance with the policies and guidelines of the University of Ottawa Animal Care Committee.

Bone Marrow--Derived Macrophage Collection and Cell Culture
-----------------------------------------------------------

Bone marrow--derived macrophages (BMDMs) were collected from *cIAP2*^−/−^ (n=3) and *cIAP2*^+/+^ (n=3) mice as previously described.^[@b19]--[@b20]^ DMEM containing 10% FBS, 1% penicillin/streptomycin, and 10 ng/mL macrophage‐colony stimulating factor (Peprotech) was used to seed 4×10^5^ cells/well onto a 96‐well plate. Following the culture period, tumor necrosis factor (TNF)α (Invitrogen) was added to the plates at concentrations of 0.02, 10, 50, and 100 ng/mL for 48 hours.

Cell Viability Assay
--------------------

Cell viability was assessed using the 3‐(4,5‐dimethylthiazol‐2‐yl)‐2,5‐diphenyltetrazolium bromide (MTT) assay (Sigma) as previously described.^[@b21]^ Absorbance was read at 570 nm using SynergyMx microplate spectrometer (BioTek) and Gen5 2.0 software (BioTek Institute).

Tissue Collection
-----------------

Following the dietary period, all mice were killed and perfused with cold 1× PBS via puncture to the left ventricle with the perfusate being drained from the severed right atrium. The hearts were separated from the aorta at the base, embedded in optimum cutting temperature compound, and stored at −20°C.

Quantification of Atherosclerotic Lesions
-----------------------------------------

To assess the differences in atherosclerotic lesions size between the *cIAP2*^−/−^ and *cIAP2*^+/+^ groups, en face lesion analysis was carried out after both 4 and 12 weeks of HFD.

Aortas from killed mice were exposed as described previously.^[@b22]^ The aorta was pinned onto dissecting wax, stained with Sudan IV, and photographed at a fixed magnification. The total aortic areas and lesion areas were subsequently calculated using ImagePro 6.1 Software (Media Cybernetic). Final results are reported as a percentage of the total area of the aortic arch and descending aorta--containing lesions.

To determine atherosclerotic size within the ascending aorta, the mean lesion area was derived from 4 serial Sudan IV--stained sections, cut 10 μm thick and collected 100 μm apart over a 1‐mm segment of the aortic root. The mean lesion area was taken as the lesion size for each mouse, and analysis of the lesions was carried as described previously.^[@b22]^ Images were created using the digital CoolSNAP cf camera (Roper Scientific Inc) using ImagePro software (Media Cybernetic).

Blood Sampling and Plasma Cholesterol Analysis
----------------------------------------------

Terminal blood samples were collected in EDTA‐coated tubes by puncture to the right ventricle. Plasma was collected from all mouse groups (n=14/group), and subsequently total cholesterol levels were determined with the use of enzymatic assay kits. A colorimetric assay (Cholesterol E; Wako Bioproducts) was used to determine serum total cholesterol concentrations present in terminal blood samples. Lipoprotein cholesterol distributions were evaluated in individual serum samples (60 μL) via fast protein liquid chromatography (FPLC) separation. Serum samples from 5 mice per group were evaluated, and the mean values for each group were plotted and compared.

Terminal Deoxynucleotidyl Transferase dUTP Nick End Labeling Staining
---------------------------------------------------------------------

A red in situ apoptosis detection kit, ApopTag, was used to label DNA‐synthesizing cells according to manufacturer\'s protocol (Chemicon). Images (n=7 mice/group) were captured by the use of SpotBasic software (Diagnostic Instruments, Inc). Four serial sections were quantified in the aortic valve region at 100‐μm intervals. Only terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)‐positive nuclei were included that displayed nuclear fragmentation and DAPI staining. The number of DAPI‐ and TUNEL‐positive nuclei was counted using the ImageJ 1.45s software under a fluorescent microscope (×20). Numbers of TUNEL‐positive nuclei are expressed as a percentage of the total cell number in the lesion for each individual mouse.

Immunohistochemistry
--------------------

The extent of macrophage infiltration in atherosclerotic lesions was determined through CD68‐positive staining analysis. Samples were incubated with anti‐CD68 primary antibody (1:100; Serotec). To quantify CD68 content within the ascending aorta, the mean lesion area was derived from 4 serial CD68‐stained sections. The sections are 10 μm from the previously used Sudan IV--stained sections. This enables the analysis and quantification of CD68 to be easily compared through analysis of previous sections stained with Sudan IV. The mean lesion area was taken as the lesion size for each mouse. To determine the extent of smooth muscle cells (SMCs) in the aortic root atherosclerotic lesions, frozen sections were incubated with anti--smooth muscle actin (1:20; Sigma) using SIGMA*FAST* substrate (Sigma). α‐Actin--positive regions within the atherosclerotic lesions were represented as a percentage of total lesion area.

Statistical Analysis
--------------------

Statistical calculations were carried out using SAS software (version 9.2, SAS Institute Inc). Continuous measures are presented as means±SD. Nonparametric Wilcoxon rank sum tests were used for comparisons. A value of *P*\<0.05 was considered statistically significant. Power calculations from previous similar studies indicate that the outlined experiments would use a sufficient number of animals (n=15) to attain a power of 0.8 for 20% change in lesion and provide statistically reliable results if no effects of atherosclerosis are observed. All data were analyzed by a second observer who was blinded to the study.

Results
=======

In Vitro Cell Viability Assay
-----------------------------

BMDMs from *cIAP2*^−/−^ mice are more sensitive to TNFα‐induced apoptosis than are *cIAP2*^+/+^ BMDMs in vitro. [Figure 1](#fig01){ref-type="fig"}A shows the relative viability of BMDMs from 4‐week HFD mice exposed to varying TNFα concentrations (0, 0.2, 10, 50, and 100 ng/mL). As indicated in the figure, *cIAP2*^−/−^ BMDMs are more sensitive to TNFα‐induced apoptosis than are *cIAP2*^+/+^ BMDMs, with significant differences observed at 50 and 100 ng/mL (*P*\<0.001). A similar trend is observed in BMDMs from mice on a 12‐week HFD, as seen in [Figure 1](#fig01){ref-type="fig"}B. *cIAP2*^−/−^ BMDMs have lower viability when exposed to increasing TNFα concentrations compared with *cIAP2*^+/+^ BMDMs, with significant differences observed at 50 ng/mL (*P*=0.027) and at 100 ng/mL (*P*\<0.001).

![*cIAP2* deletion increases bone‐marrow derived macrophage sensitivity to TNFα‐induced apoptosis. A, Relative viability (%) of *cIAP2*^+/+^ BMDMs from mice on a 4‐week HFD compared with BMDMs from *cIAP2*^−/−^ with significant difference observed at 50 and 100 ng/mL, *P*\<0.001. B, Relative viability of *cIAP2*^+/+^ BMDMs of mice on a 12‐week HFD compared with BMDM from *cIAP2*^−/−^ mice with significant differences observed at 50 ng/mL (*P*=0.027) and at 100 ng/mL (*P*\<0.001). BMDM indicates bone marrow--derived macrophage; HFD, high‐fat diet; TNF, tumor necrosis factor.](jah3-2-e000259-g1){#fig01}

Early and Late Atherosclerotic Lesions in Ascending and Descending Aorta
------------------------------------------------------------------------

*cIAP2* gene deletion resulted in reduced early atherosclerosis burden in the experimental group compared with *cIAP2*^+/+^ on a 4‐week HFD. As shown in [Figure 2](#fig02){ref-type="fig"}A, the *cIAP2*^−/−^ group (n=10, 0.58±0.37%) showed a significant decrease in lesion area compared with the *cIAP2*^+/+^ group (n=13, 1.51±0.79%). This decrease in lesion size translates into a 60.7% difference (*P*=0.0056). Representative images are shown in [Figure 2](#fig02){ref-type="fig"}B. Deletion of the *cIAP2* gene resulted in reduced late atherosclerosis burden in the experimental group compared with *cIAP2*^+/+^ on a 12‐week HFD. As shown in [Figure 3](#fig03){ref-type="fig"}A, the *cIAP2*^−/−^ group showed a significant reduction in lesion area (n=17, 9.34±4.88%) versus the control *cIAP2*^+/+^ group (n=15, 17.65±6.24%). This reduction in lesion size translates into a 53% difference (*P*=0.0019). [Figure 3](#fig03){ref-type="fig"}B shows representative images.

![*cIAP2* deletion reduces early atherosclerosis in *apoE*^−/−^ on a 4‐week HFD. A, Scatterplot of lesion area represented as a percentage of total aorta area. *cIAP2*^−/−^ mice show a significant reduction in lesion area of 0.58±0.37% (n=10) vs 1.51±0.79% (n=13) for *cIAP2*^+/+^ mice (\**P*=0.0056). B, Representative images of en face aorta from *cIAP2*^−/−^ (left) and *cIAP2*^+/+^ (right) mice. En face aortas are stained with Oil‐Red‐O, and the lesion area is indicated with a white arrow. C, Scatterplot showing means of lesion size (mm^2^) ±SD along with the average of the means. *cIAP2*^−/−^ mice show a significant reduction in lesion area of 0.0328±0.014 mm^2^ (n=11) vs *cIAP2*^+/+^ mice of 0.0515±0.021 mm^2^ (n=14) (\**P*=0.022). D, Representative aortic root histological image of a *cIAP2*^−/−^ (left) and *cIAP2*^+/+^ (right) mice (original magnification ×10). Sudan IV--stained aortic root sections; white arrows indicate lesions. E, Scatterplot of SMC content as a percentage of total lesion area along with the average of the means. SMC content is negligible for both groups. F, Representative images of α‐SMC staining visible in red for 4‐week HFD *cIAP2*^−/−^ (left panel) and *cIAP2*^+/+^ (right panel). White arrows indicate SMC in the lumen, and black arrows point toward the lesion area. HFD, high‐fat diet; SMC, smooth muscle cell.](jah3-2-e000259-g2){#fig02}

![*cIAP2* deletion reduces early atherosclerosis in *apoE*^−/−^ on a 12‐week HFD. A, Scatterplot of lesion area represented as a percentage of total aorta area. *cIAP2*^−/−^ mice show a significant reduction in lesion area of 9.34±4.88% (n=17) vs 17.65±6.24% (n=15) for *cIAP2*^+/+^ mice (\**P*=0.0019). B, Representative image of en face aortas from *cIAP2*^−/−^ (left) and *cIAP2*^+/+^ (right) mice. En face aortas were stained with ORO, and the lesion area is indicated with a white arrow. The scale represents millimeters for reference. C, Scatterplot showing means of lesion size (mm^2^) ±SD along with the average of the means. The *cIAP2*^−/−^ mice show a reduction (trending toward significance) in lesion area of 0.3614±0.157 mm^2^ (n=11) vs 0.4901±0.125 mm^2^ (n=12) for *cIAP2*^+/+^ mice (*P*=0.065). D, Representative aortic root histological image of a *cIAP2*^−/−^ (left) and *cIAP2*^+/+^ (right) mice (original magnification ×10). Sudan IV--stained aortic root sections; white arrows indicate lesion area. E, Scatterplot of SMC content as a percentage of total lesion area along with the average of the means. Percentage of SMC content for *cIAP2*^−/−^ (n=11) is 3.075±3.3% compared with 0.085±0.1% for *cIAP2*^+/+^ (n=11) (*P*=0.0071). F, Representative images of α‐SMC staining visible in red for 12‐week HFD:*cIAP2*^−/−^ (left panel) and *cIAP2*^+/+^ (right panel). White arrows indicate SMC in the lumen, and black arrows point toward the SMC in the lesion area. HFD indicates high‐fat diet; SMC, smooth muscle cell.](jah3-2-e000259-g3){#fig03}

Early and Late Atherosclerotic Lesions in Aortic Root
-----------------------------------------------------

*cIAP2* gene deletion resulted in reduced early atherosclerosis burden in the experimental group compared with the wild‐type *cIAP2*^+/+^ controls on a 4‐week HFD. As shown in [Figure 2](#fig02){ref-type="fig"}C, *cIAP2*^−/−^ mice showed a significant reduction in the average lesion area (n=11, 0.0328±0.014 mm^2^) versus *cIAP2*^+/+^ mice (n=14, 0.0515±0.021 mm^2^), (*P*=0.022). Representative images from the aortic root analysis are shown in [Figure 2](#fig02){ref-type="fig"}D. *cIAP2* gene deletion resulted in reduced late atherosclerosis burden in the experimental group compared with *cIAP2*^+/+^ on a 12‐week HFD. As shown in [Figure 3](#fig03){ref-type="fig"}C, *cIAP2*^−/−^ mice showed a reduction (trending towards significance) in average lesion area (n=11, 0.3614±0.157 mm^2^) versus the control *cIAP2*^+/+^ mice (n=12, 0.4901±0.125 mm^2^), (*P*=0.065). [Figure 3](#fig03){ref-type="fig"}D shows representative images.

Plasma Lipoprotein and Cholesterol Levels
-----------------------------------------

There were no significant differences in the serum total cholesterol levels at the end of the study ([Figure 4](#fig04){ref-type="fig"}).

![Plasma lipoprotein and cholesterol levels are not affected in *cIAP2*^−/−^ animals. A, Total serum cholesterol levels as determined at the end of the study in each treatment group. B, Lipoprotein cholesterol profiles were determined at the end of the study in each treatment group by use of size exclusion chromatography (FPLC). FPLC indicates fast protein liquid chromatography; HFD, high‐fat diet.](jah3-2-e000259-g4){#fig04}

Apoptosis Quantification by TUNEL Staining
------------------------------------------

To examine the role *cIAP2* deletion plays in the atherosclerotic lesions apoptosis, TUNEL analysis was performed. Aortic root sections were stained with TUNEL and DAPI. Cells showing nuclear condensation with DAPI and TUNEL were counted as TUNEL+ cells in the analysis. TUNEL+ cells showing no nuclear condensation using DAPI were mostly concentrated in the necrotic cores and not considered in the analysis. The atherosclerotic lesions of *cIAP2*^−/−^ mice on a 4‐week HFD showed an increased number of apoptotic cells compared with wild‐type mice. [Figure 5](#fig05){ref-type="fig"}A shows the *cIAP2*^−/−^ (n=6) mice with 4.47±2.26% apoptosis in their early atherosclerotic lesions compared with the wild‐type *cIAP2*^+/+^ (n=7) with 1.74±0.98% (*P*=0.036). Aortic root lesions analysis of mice on a 12‐week HFD show a higher apoptosis percentage in the *cIAP2*^−/−^ mice. [Figure 5](#fig05){ref-type="fig"}C shows *cIAP2*^−/−^ (n=8) mice with 2.39±0.75% apoptosis compared with wild‐type *cIAP2*^+/+^ (n=5) mice with 1.29±0.47% (*P*=0.032). Representative images of the DAPI and TUNEL analysis are shown in [Figure 5](#fig05){ref-type="fig"}B and [5](#fig05){ref-type="fig"}D.

![*cIAP2* deletion increases apoptosis in early atherosclerotic lesions of *apoE*^−/−^ after a 4‐week HFD. A, Bar graph showing the mean percentage of TUNEL+ cells. *cIAP2*^−/−^ (n=6) mice show a significant increase in TUNEL+ cells with 4.47±2.26% vs *cIAP2*^+/+^ (n=7) mice with 1.74±0.98% (*P*=0.036). B, Aortic root sections from *cIAP2*^−/−^ (left) and *cIAP2*^+/+^ (right) mice. *cIAP2* deletion increases apoptosis in late atherosclerotic lesions of *apoE*^−/−^ after a 12‐week HFD. C, Bar graph showing the mean percentage of TUNEL+ cells. The *cIAP2*^−/−^ (n=8) mice show a significant increase in TUNEL+ cells with 2.39±0.75% vs *cIAP2*^+/+^ (n=5) mice with 1.29±0.47% (*P*=0.032). D, Aortic root sections from *cIAP2*^−/−^ (left) and *cIAP2*^+/+^ (right) mice. Apoptotic cells (in red) are indicated with a white arrow. HFD indicates high‐fat diet; TUNEL, terminal deoxynucleotidyl transferase dUTP nick end labeling.](jah3-2-e000259-g5){#fig05}

Macrophage and SMC Content
--------------------------

To examine the effect of *cIAP2* deletion on atherosclerotic lesion\'s macrophage content, aortic root sections were stained with CD68---a marker of active macrophages. As shown in [Figure 6](#fig06){ref-type="fig"}A, *cIAP2*^−/−^ mice showed a trend for reduction in average lesion area compared with the *cIAP2*^+/+^ (*cIAP2*^−/−^ mice, n=6 \[0.0306±0.0080 mm^2^\] versus *cIAP2*^+/+^ mice, n=5 \[0.0485±0.0210 mm^2^\] \[*P*=0.068\]). Lesion analysis for CD68 and Sudan IV staining from 4‐week *cIAP2*^−/−^ and *cIAP2*^+/+^ groups were overlapped to examine the relation between lesion macrophage infiltration and lipid staining. A trend is seen in CD68 macrophage and Sudan IV staining for the 4‐week *cIAP2*^+/+^ group. The *cIAP2*^−/−^ mice had a CD68 macrophage average staining area of 0.0356±0.0142 mm^2^ and Sudan IV--stained average area of 0.0327±0.0141 mm^2^. *cIAP2*^+/+^ mice had a CD68 macrophage average staining area of 0.0485±0.0216 mm^2^ and Sudan IV--stained average area of 0.0501±0.0246 mm^2^. [Figure 6](#fig06){ref-type="fig"}B shows representative images from this analysis. [Figure 6](#fig06){ref-type="fig"}C shows the correlation between CD68 and Sudan IV staining for 4‐week *cIAP2*^−/−^ and *cIAP2*^+/+^ mice. There is a strong correlation between the 2 parameters (Pearson correlation, *R*^2^=0.99).

![*cIAP2* deletion reduces macrophage content in early atherosclerotic plaque of *apoE*^−/−^ mice on 4‐week HFD. A, Scatterplot showing mean of CD68+ lesion size at each of the aortic root levels (mm^2^) ±SD along with the average of the means. The *cIAP2*^−/−^ mice show a reduction (trending toward significance) in CD68+ lesion area of 0.0306±0.008 mm^2^ (n=6) vs 0.0485±0.021 mm^2^ (n=5) for *cIAP2*^+/+^ mice. B, Representative histological image of aortic root of a *cIAP2*^−/−^ mouse (left) and *cIAP2*^+/+^ mouse (right) (original magnification ×10). Aortic root sections were stained with CD68 (top panel) and Sudan IV (bottom panel), and the lesion area is indicated with a black arrow. C, Scatterplot representing the correlation between the CD68 staining measurements and Sudan IV staining measurements for *cIAP2*^−/−^ and *cIAP2*^+/+^ mice after a 4‐week Western diet. CD68 lesion areas (mm^2^) were plotted on the *y*‐axis vs Sudan IV--stained areas (mm^2^) plotted on the *x*‐axis. The Pearson correlation coeffient for *cIAP2*^−/−^ and *cIAP2*^+/+^ data points is *R*^2^=0.99. The straight line represents the line of best fit. TUNEL indicates terminal deoxynucleotidyl transferase dUTP nick end labeling.](jah3-2-e000259-g6){#fig06}

The effect of cIAP2 deletion on SMC content in the plaque was examined by performing immunohistochemical analysis on aortic root sections using anti--α‐actin antibody. As shown in [Figure 2](#fig02){ref-type="fig"}E, the content of SMCs in the lesions was negligible in both the *cIAP2*^−/−^ and *cIAP2*^+/+^ mice on a 4‐week HFD (*P*=0.22). [Figure 3](#fig03){ref-type="fig"}E shows the average percentage of SMCs in *cIAP2*^−/−^ (n=11) was 3.075±3.3% compared with 0.085±0.1% for *cIAP2*^+/+^ (n=11) (*P*=0.0071). Figures [2](#fig02){ref-type="fig"}F and [3](#fig03){ref-type="fig"}F show SMC content in aortic root of mice on a 4‐ and 12‐week HFD.

Discussion
==========

In the present study, we investigated a role for cIAP2 in early and late atherosclerotic lesion development in an *apoE*^−/−^ mouse model. Detailed analysis of atherosclerosis in the aortic root and the ascending and descending aorta revealed a significant reduction in the atherosclerosis burden of *cIAP2*‐deleted mice at both time points. The reduction in atherosclerosis coincides with an increase in macrophage apoptosis in the *cIAP2*‐deleted mice in both the early and late stages of the disease. The changes in lesional cell death were accompanied by a trend for a decrease in macrophage content at the early stages of the disease. Loss of cIAP2 promoted SMC content in aortic root lesions. *cIAP2* deletion did not affect serum cholesterol and lipoprotein contents compared with wild‐type mice. This study demonstrates the role cIAP2 plays as a major mediator of lesion cellularity and macrophage apoptosis. Inhibition of this pathway results in a shift toward more cellular apoptosis, affecting lesion composition and leading to reduced plaque size at the time points studied.

Evidence for a Role for cIAP2 in Apoptosis and Atherosclerosis
--------------------------------------------------------------

The role of cIAP2 has not been carefully examined in atherosclerosis. Early evidence exists suggesting a role in atherosclerosis. A study in the late 1990s by J.G. Horrevoets and colleagues^[@b23]^ revealed an overexpression of cIAP2 in the endothelial lining of atherosclerotic aorta coinciding with MCP‐1 expression. Further evidence by Moran and Agrawal^[@b18]^ shows elevated expression of cIAP2 in human excised symptomatic plaques that paralleled caspase‐3 expression, suggesting a role in apoptosis. Early work by Ciu et al and later work by Conte et al demonstrate that lipopolysaccharide treatment upregulates cIAP2 in macrophages and that lipopolysaccharide‐stimulated *cIAP2*^−/−^ macrophages are highly susceptible to apoptosis.^[@b15],[@b24]^ *cIAP2* deletion elicited potent effects on macrophage viability, suggesting a crucial role of macrophages maintainance during an inflammatory response. Collectively, these studies suggest a central involvement of cIAP2 in atherosclerotic plaques macrophage viability, supporting the data represented in this study. Previous studies have suggested a role for cIAP2 in macrophage viability and atherosclerosis; however, we demonstrate, for the first time, a direct role for cIAP2 in reducing early and late atherosclerotic lesion size in an *apoE*^−/−^ mouse model.

Elevated TNF levels have been reported in the carotid plaques of symptomatic patients.^[@b25]--[@b26]^ Mahoney et al^[@b27]--[@b30]^ show that cIAP2 might be able to regulate TNFα‐mediated nuclear factor--κβ activation, inducing a variety of proapoptotic and antiapoptotic genes. These authors also report that cells lacking cIAP1/2 were greatly sensitized to apoptosis on exposure to TNFα. Hence, we examined the effect of cIAP2 loss on BMDM sensitivity on exposure to varying exogenous TNFα concentrations. As shown in [Figure 1](#fig01){ref-type="fig"}, macrophages lacking cIAP2 are more sensitive to apoptosis, indicated by loss of viability with increasing TNFα concentrations. These results can potentially explain the increase in apoptosis detected with TUNEL staining in both early and late atherosclerosis ([Figure 5](#fig05){ref-type="fig"}) along with the reduced macrophage content in the plaque ([Figure 6](#fig06){ref-type="fig"}). Zheng and colleagues^[@b30]^ show that cIAP2 is part of the TNF‐induced TNFR1 signaling complex, which is vital in the regulation of the nuclear factor--κβ proinflammatory transcription pathway. TNFα was also shown to induce cIAP2 expression sufficiently to inhibit TNFα‐induced cell death.^[@b28]^ Furthermore, a recent study by McComb et al^[@b31]^ shows that reduced cIAP activity led to increased macrophage cell death in vivo. Collectively, previous findings along with data represented in our study indicate a strong role for cIAP2 in limiting atherosclerotic macrophage cell death, possibly via a TNFα‐induced apoptotic pathway.

The Role of cIAP2 in Early Atherosclerotic Lesions
--------------------------------------------------

Macrophage apoptosis normally takes place in early atherosclerotic lesions, possibly through 1 or more pathways involving proapoptotic proteins *p53* and *Bax*.^[@b32]--[@b33]^ Arai et al^[@b7]^ examined the role of AIM loss (an inhibitory factor) on early atherosclerotic lesions, showing reduced early atherosclerotic lesions in *AIM*^−/−^ mice compared with the *AIM*^+/+^ in an *LDLr*^−/−^ mouse model. These studies demonstrate the limiting effect of apoptosis on lesion cellularity and progression in early lesion foam cells. In parallel, the present study shows reduced early‐stage lesion content in *cIAP2*^−/−^×*apoE*^−/−^ compared with wild‐type mice, as shown in [Figure 1](#fig01){ref-type="fig"}. To determine whether apoptosis plays a role in lesion size reduction, we used TUNEL analysis to detect the percentage of apoptotic cells within early lesions. The reduction in atherosclerotic lesion size was accompanied by an increase in apoptosis represented by an increase in the percentage of TUNEL+ cells within the lesions ([Figure 5](#fig05){ref-type="fig"}). Increased cellular apoptosis in early atherosclerotic lesions may have an effect on the number of macrophages predominantly present in early plaque. Therefore, we further examined the role of *cIAP2* deletion on macrophage content in early atherosclerotic plaque by combining macrophage CD68 immunohistochemistry analysis and Sudan IV--stained aortic root sections. These data showed a reduction in CD68+ macrophages that correlated with reduced lesion size ([Figure 6](#fig06){ref-type="fig"}).

The effect of cIAP2 loss on early plaque SMC content was examined using α‐actin immunohistochemistry analysis on aortic root sections of mice on a 4‐week HFD. SMCs were virtually absent in both study groups where atherosclerotic lesions are at early stage III of the disease, mainly composed of macrophages.^[@b34]^ We propose, based on both our current data and previous evidence, that *cIAP2* deletion resulted in increased macrophage apoptosis in the atherosclerotic lesions leading to reduced CD68^+^ cells or macrophages in early lesions and resulting in reduced plaque size as seen in the aortic root and ascending and descending aortas. Increased lesional apoptosis translates into an efficient clearance process whereby phagocytes rapidly and safely clear apoptotic bodies from early lesions.

The Role of cIAP2 in Advanced Lesions
-------------------------------------

Despite differences in lesion stages amongst the study groups, a similar trend was observed regarding the reduction in atherosclerotic plaque size. [Figure 2](#fig02){ref-type="fig"} demonstrates that *cIAP2*^−/−^ mice on a 12‐week HFD have reduced lesion area compared with the *cIAP2*^+/+^ mice when examining the aortic root and ascending and descending aortas. As the mice are placed on a prolonged HFD, the atherosclerotic plaque burden increases.^[@b34]^ However, the *cIAP2*^−/−^ mice still maintain a reduced lesion size compared with the *cIAP2*^+/+^ group. This confirms the notion that finding the right target for reducing atherosclerosis progression at an early stage could help reduce the progression of advanced lesions. Such an early intervention may be expected to reduce the chance of plaque rupture and thrombus formation that lead to strokes and myocardial infarctions.

A large number of apoptotic cells were found in excised human aorta as a result of poor phagocytic clearance.^[@b35]^ Similarly, we found a higher percentage of apoptotic cells in the advanced plaque of *cIAP2*^−/−^ mice, indicative of poor phagocytic clearance ([Figure 5](#fig05){ref-type="fig"}). SMC accumulation is implicated in plaque development, as opposed to SMC apoptosis, which is linked to plaque rupture, coagulation, and calcification.^[@b36]--[@b37]^ Work by Moran and Agrawal^[@b18]^ noted increased SMC‐actin expression in carotid endarterectomy of asymptomatic patients, whereas cIAP2 was overexpressed in specimens of symptomatic patients. Interestingly, the *cIAP2*^−/−^ mice show significantly higher SMC content, resembling fibrous cap formation in the atherosclerotic lesions, compared with the *cIAP2*^+/+^ mice ([Figure 3](#fig03){ref-type="fig"}F). These findings point toward a novel atheroprotective role for cIAP2 loss that has not been previously documented. Chronic vascular SMC apoptosis in *apoE*^−/−^ mice resulted in reduced plaque vascular SMC content and promoted plaque calcification, medial degeneration, and stenosis.^[@b37]^ Furthermore, *apoE*^−/−^ mice receiving progenitor SMCs had reduced macrophage content along with increased plaque collagen and SMCs collectively restricting plaque development and promoting plaque stability.^[@b38]^ Interestingly, the absence of macrophage tumor suppressor gene *p53* in advanced lesions did not affect SMC content.^[@b10]^ Despite the reduction in atherosclerosis following AIM deletion, there was no documented effect on SMC content in the plaque.^[@b8]^ cIAP2 loss reduced macrophage content in the plaque, resulting in reduced protease and cytokine production from macrophages.^[@b39]^ This could potentially explain the higher SMC content in the *cIAP2*^−/−^ plaque protecting against destabilizing effects. These results highlight the unique effect of cIAP2 on SMC plaque content and its potential ability to promote stable plaque formation.

Despite lack of previous evidence linking cIAP2 to plaque SMC content, sufficient evidence points to the stabilizing effect of atherosclerotic plaque SMCs.^[@b18],[@b38],[@b40]--[@b41]^ Data from the present study suggest that cIAP2 loss increases fibrous plaque SMC content, providing an atheroprotective mechanism for plaque stabilization and preventention of further rupture. More work needs to be done to examine the extent to which cIAP2 loss contributes to multiple factors involved in fibrous cap formation.

Possible Therapeutic Implications
---------------------------------

The results presented here suggest that antagonizing the expression and/or function of cIAP2 may have therapeutic benefits in patients during the early stages of atherosclerosis. The suppression and/or inhibition of IAPs can oversensitize cancerous cells to diverse proapoptotic therapeutics. Inhibition of the caspase‐dependent pathway requires antagonism of the IAP‐mediated pathway achieved by the cytosolic releases of endogenous Smac/DIABLO in response to proapoptotic stimuli.^[@b42]--[@b44]^ Molecular mechanistic studies examining smac‐mimetics sensitive to cIAP2 hold promise for novel therapeutic drug‐enhancing cancer treatment responses.^[@b45]--[@b46]^ Smac‐mimetic drugs have been patented and used against X‐linked inhibitor of apoptosis (XIAP), cellular inhibitor of apoptosis protein (cIAP1), cIAP2, and Survivin.^[@b47]--[@b48]^

We propose that, in addition to the potential cancer applications, cIAP2‐specific Smac‐mimetic drugs hold a promising future in reducing early atherosclerotic lesion development and serve an atheroprotective role. cIAP2 inhibition will act, as in the *cIAP2* knock‐out mouse model, to induce early lesion macrophage apoptosis reducing atherosclerotic lesion cell number and size and promoting more stable plaque formation. Being able to reduce plaque size and progression could translate into effective therapy to prevent detrimental clinical implications of plaque rupture such as strokes and myocardial infarction.
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